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1.0 SUMMARY

1.1 Contract Description

 This contract studies the phase-reversal property of optical phase
conjugation for navigational and other device applications. The study focuses
on the development of the phase-conjugate fiber-optic gyro and the generation of
new device concepts.

1.2 Scientific Problem

Although much attention is paid to the aberration correction property ;
of phase conjugation, little attention is paid to the phase reversal property.
The phase-reversal property has important applications in inertial navigation
devices. The general problem for this program is to generate new device con-
cepts using the phase-reversal property of phase conjugation.

Polarization scrambling is a well-known source of noise and signal
fading in fiber-optic gyros. Some gyros avoid this problem by using
polarization-preserving fibers and couplers to decouple the polarization modes.
This program studies a new approach in which polarization-preserving phase con-
jugation is used to correct for polarization scrambling without the need for
polarization-preserving fibers and couplers..

1.3 Progress

There are several areas of significant progress in the first year of '
this program that are directly related to the development of the phase-conjugate
fiber-optic gyro. These include: .

° First experimental observation of the phase-conjugate Sagnac phase
shift.

o First demonstrations of rotation sensing with a phase-conjugate
gyro and with a self-pumped phase-conjugate fiber-optic gyro.

1
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* First measurement of a nonreciprocal phase shift (Faraday effect)

‘T in a double phase-conjugate interferometer.
N ° Development of a polarization-preserving phase-conjugate mirror
P that operates at milliwatt power levels.

° First demonstration of the correction of polarization scrambling
in multimode fibers by polarization-preserving phase conjugation.

° First measurements of the phase of phase-conjugate reflections.
In addition to the progress mentioned above, we have also carried out

other interesting scientific research and have achieved many significant
X results. These include:

Frequency shifts of photorefractive resonators

. Resonator model and frequency shifts of self-pumped phase
conjugate resonators

[ . Photorefractive conical diffraction, and

2]

L . Parallel image subtraction via phase-conjugate Michelson
interferometry.

X The results are published (or to be published) in the papers and

conference presentations listed in Section 1.5,

1.4 Special Significance of Results

e e o a o 8 s W

It should be noted that two of the above mentioned areas of progress
are of special significance in that they are not restricted in their use to the
phase-conjugate fiber-optic gyro. The polarization-preserving phase-conjugate
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mirror opens a whole new area of interferometry with multimode fibers. Meas-

- urements of the phase of the phase-conjugate reflection can be used to determine
the phase shift (with respect to the intensity pattern) and the type of grating
(index, absorption, gain, or mixture) involved in degenerate four-wave mixing in
nonlinear media. Proper selection of nonlinear media will allow the construc-
tion of phase-conjugate interferometers that "self-quadrature" for high sensi-
tivity and linear response. The phase shift of phase conjugators also plays an
important role in the frequency shift of double phase-conjugate resonators.

1.5 Publications and Presentations

Publications

5

3 "Self-Pumped Phase-Conjugate Fiber-Optic Gyro," Ian McMichael and Pochi
H Yeh, submitted to Optics Letters, (1986).
"Polarization-Preserving Phase Conjugator," Ian McMichael, Monte
) Khoshnevisan and Pochi Yeh, to appear in Opt. Lett., August (1986).
. "Absolute Phase Shift of Phase Conjugators," Ian McMichael, Pochi Yeh and
: Monte Khoshnevisan, to appear in Proc. SPIE 613, 32 (1986).
“Phase-Conjugate Fiber-Optic Gyro," Pochi Yeh, lan McMichael and Monte
Khoshnevisan, Appl. Opt. 25, 1029 (1986).
* "Theory of Unidirectional Photorefractive Ring Oscillators," Pochi Yeh, J.
Opt. Soc. Am. B2, 1924 (1985).
* "Frequency Shift and Cavity Length in Photorefractive Resonators,"
X M.D. Ewbank and Pochi Yeh, Opt. Lett., 10, 496-498 (1985).

* “"Frequency Shift of Self-Pumped Phase Conjugator," M.D, Ewbank and Pochi
Yeh, SPIE Proc. 613, 59 (1986).

* "Parallel Image Subtraction Using a Phase Congugate Michelson
Interferometer," A.E.T. Chiou and Pochi Yeh, Opt. Lett. 11, 306 (1986).

*Works only partially supported by this contract.
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* "Photorefractive Conical Diffraction in BaTiO3," M.D. Ewbank, Pochi Yeh and
J. Feinberg, to appear in Opt. Comm. (1986).

Presentations

"Self-Pumped Phase-Conjugate Fiber-Optic Gyro," Ian McMichael and Pochi
Yeh, submitted to the 1986 0SA Annual Meeting in Seattle, WA.

"Measurements of the Phase of Phase-Conjugate Reflections," lan McMichael,
Pochi Yeh and Monte Khoshnevisan, presented at IQEC'86 in San Francisco,
CA.

"Absolute Phase Shift of Phase Conjugators," Ian McMichael, Pochi Yeh and
Monte Khoshnevisan, presented at O-E LASE'86 in Los Angeles, CA.

“Phase-Conjugate Fiber-Optic Gyro," Pochi Yeh, Ian McMichael and Monte
Khoshnevisan, presented at the 1985 OSA Annual Meeting in Washington, D.C.

“Scalar Phase Conjugation Using a Barium Titanate Crystal," Ian McMichael
and Monte Khoshnevisan, presented at CLEQO'85 in Baltimore, MD.

* "Photorefractive Resonators,” M.D. Ewbank and Pochi Yeh, paper presented at
the 1985 OSA Annual Meeting in Washington, D.C. (October 14-18, 1985).

* "Frequency Shift of Self-Pumped Phase Conjugator," M.D. Ewbank and Pochi
Yeh, paper presented at Conference on Nonlinear Optics and Applications,
January 21-22, 1986, Los Angeles, CA.

"Coherent Image Subtraction Using Phase Conjugate Interferometry," A.E.T.
Chiou, Pochi Yeh and Monte Khoshnevisan, paper presented at Conference on
Nonlinear Optics and Applications, January 21-22, 1986, Los Angeles, CA.

*Works only partially supported by this contract.
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2.0 TECHNICAL DISCUSSION

Optical phase conjugation has been a subject of considerable interest
during the past several years. Much attention has been focused on the wavefront
correction property of this process by means of degenerate four-wave mixing.l'3
Very little attention was paid to the phase reversal property, the Doppler-free
reflection, and the phase-sensitive coupling of degenerate four-wave mixing.
These properties have many interesting and important applications in inertial
navigation devices. In this section, we will first briefly describe some of the
nonlinear optical phenomena and then discuss the phase-conjugate fiber-optic
gyro.

2.1 Phase Reversal and Doppler-Free Reflection

Phase reversal is a unique property of degenerate four-wave mixing
which is not available in the conventional adaptive optics. A very interesting
situation arises as a result of the phase reversal. Consider the situation when
a laser beam is incident on a phase-conjugate reflector (abbreviated here as ¢*
reflector). Let E exp[i{wt - kz + ¢)] be the incident electric field. The ¢*
reflector will generate a reflected wave of the form of expli(ut + kz - ¢)].

The interference pattern formed by the incident and reflected waves is of the
form

1= €201+ [p]?+2fp| cos (2kz - 2¢ + o)) (1)

where o is the constant phase of the complex reflection coefficient p. Note iy
that the phase ¢ contains the information of the source. If the source fre-

quency fluctuates, ¢ will be a function of time and the interference pattern

also fluctuates. This means that the phase of the interference pattern is :
determined by the source, not the reflector. In other words, the interference )
pattern is independent of the position (or motion) of the ¢* reflector. This

property can also be explained in terms of the Doppler-free reflection. Since

there is no Doppler shift in frequency due to the motion of the ¢* reflector,4

5
C7714A/jbs




‘l‘ Rockwell International

Science Center
SC5424 AR

the incident beam and the reflected beam have the same frequency which leads to
a stationary interference pattern.

If the ¢* reflector were replaced by an ordinary mirror, the inter-
ference pattern would have a phase which depends on the position of the mirror.
Such an interference pattern would move with the mirror and does not contain any
phase information about the source. Since ¢ does not appear in the interference
pattern, any frequency fluctuation (or phase fluctuation) of the source will not
affect the pattern. In other words, the interference pattern is determined by
the mirror. This property also can be explained in terms of the Doppler shift
upon reflection from a moving mirror. Since the reflected wave is shifted in
frequency by (2vw/c), the interference pattern is traveling at a speed equal to
the speed of the mirror,

The Doppler-free reflection via four-wave mixing has been demonstrated

experimentally by the author and his co—workers.4

2.2 Polarization-Preserving Phase Conjugator

In many of the early experiments on wavefront cor~rection,1’2 the change
of polarization state upon phase-conjugate reflection had no effect on the
fidelity of aberration correction because the distorting media were optically
isotropic. There are many situations where the distorting media may become
optically anisotropic due to external perturbations such as electric field,
magnetic field, strain, etc. Under these circumstances, the polarization state
of the phase-conjugated wave becomes an important issue.

Consider an optical wave of frequency w moving in the +z direction

e, - Kl(F)e‘(“m‘kz) (2)

where Kl(?) is the complex amplitude and k is the wave number, This wave
satisfies the wave equation

T(BE) - o pe(HE = 0 (3)
where € is the dielectric constant and u is the permeability constant.

6
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We now consider a case where in some region of space near z,, we
generate a field EZ (e.g., via degenerate four-wave mixing) which is related to
the phase-conjugate of El’ and described locally by

B, = ok T (R)el (Wttkz) (4)

2 1

where p is, in general, a 3 x 3 tensor. It can then be shown that the amplitude

. * o> . .
of the reflected wave 52 will remain pKI (r) in the region z < z,, provided fz

0*
and El satisfy the same wave equation in this region. This is the basic princi-
ple of wavefront correction via optical phase-conjugation. If the dielectric
function e(F), which describes the property in the region z < z,, is a tensor
(i.e., has nonzero off-diagonal terms), then the wave fz may not satisfy the
wave equation (3) because the matrix multiplication is, in general, not commuta-
tive. If the phase-conjugate reflectance tensor p reduces to a scalar, then fz
also satisfies the wave equation (3), because for scalar p, pe = ep, even if ¢
is a tensor. Thus, a scalar phase conjugator can serve to restore polarization
scrambling, as well as wavefront aberration. Such a reflector is called a

polarization preserving phase conjugator.

To further illustrate the polarization restoration, we consider the
propagation of polarized 1ight through a series of birefringent plates (see
Fig. 2-1). At the end of the birefringent system, a phase-conjugate reflector

$C84-26142 /

v

s

M, Mo

/ ¢* REFLECTOR

Fig. 2-1 Phase conjugator for polarization restoration in a
birefringent system.
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retroreflects the polarized light. Let us now examine the polarization state of
the light as it propagates through the system. Llet KI(O) be the input polariza-
tion state and Kl(L) be the output polarization state. Kl(O) and KI(L) are

related hy

E (L) = MM oo UMM R

M- "M A (0) (5)

1 { p (

where M, (i = 1,2,..N) is the Jones matrix for the i-th plate. Upon reflection
from the phase-conjugator, the polarization state becomes pKl*(L). When the
reflected light propagates backward through the birefringent system, the final
polarization state KZ(O) is given by

*

o (0) = MMMy Lo My Mok (L) (6)

Using Eqs. (5) and (6), this polarization state can be written
* * * * * *

Ro(0) = MMM oos My Mg Me o MMM R T(0) (7)

If p is a scalar, then Eq. (7) reduces to
*
K, (0) = oA, (0) (8)

because all the Jones matrices are unitary (i.e., mM* = 1).5 Equation (8)
indicates that Kl(O) and Ké(O) have exactly the same polarization state (i.e.,
same ellipticity, handedness, helicity). If p cannot be reduced to a scalar,
then Eq. (7) indicates that the polarization state KZ(O) is different from
KI(O). Thus, a polarization-preserving phase-conjugator can be used to restore
the polarization state.

Consider now the tensor property of a phase-conjugator which consists
of a nonlinear isotropic medium pumped by a pair of counter-propagating beams.

. Let the electric fields of the incident probe beam and the pump beams be
K(?)e1(“t-kz), Bellwat-k 1) Jng gef(ut-k r)’ respectively. The nonlinear polari-

zation which is responsible for the generation of the phase-conjugated wave is®

8
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ML 2y EREG) + B(Re) + Oy ded (69K2) (9) |
where we assume that the material has an instantaneous polarization response
S (i.e., lossless) and use the relationships X1111 = 3x1122 and x1122 = X221 © 3
& X1212'7 The last two terms in the square brackets are responsible for the
E analogy between the degenerate four-wave mixing and holography. The first term

has no holographic analog and may be the dominant term in the event of a two-
3

photon resonance. In general, all three terms contribute to the generation of

the phase-conjugated wave whose amplitude is proportional to ﬁNL.

According to Eq. (9), a polarization-preserving phase-conjugator can be
obtained by arranging the pump beams in such a way that the holographic terms
vanish. This can be achieved by making the polarization state of the pump beams
orthogonal to that of the probe beam. For the case of probing incidence along
the +z direction, the polarization state of the probe wave lies in the xy plane.
Thus, the pump beams must be polarized along the z-direction in order to have
zero holographic terms. Such a geometry is depicted in Fig., 2-2(a). In this
scheme, the nonlinear polarization

pN Rx(8.0) (10)

L _

= 2x1n
will generate a phase-conjugated wave which preserves the polarization state.
This example shows that polarization-preserving phase-conjugation exists.

Figures 2-2(b) and 2-2{(c) show two other schemes which can also achieve
polarization-preserving phase conjugation. In these two schemes, the phase 5
conjugators are operated in the holographic regime (e.g., photorefractive
effect) such that they respond to one linear polarization state only and have no
effect on the other polarization state. By using a polarizing beam splitter
(see Fig. 2-2(c)) or using two stages in cascade (Fig. 2-2(b)), it is possible
to conjugate each polarization component individually and then recombine the
conjugated components. By proper alignment of the crystals, it is possible to
achieve polarization-preserving phase conjugation.

W AN -A-A“LLL [ SR
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A scheme, similar to that shown in Fig. 2-2(c), which utilizes self-
pumped phase conjugation in a Michelson interferometer can also be employed to
achieve polarization-preserving phase conjugation. This approach is described
in the progress section.

$CB84-26159
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Fig. 2-2 Schematic drawings of polarization-preserving phase conjugators.
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v 2.3 Phase-Conjugate Fiber-Optic Gyros

Polarization scrambling is a well-known noise source in fiber-optic
gyros. Birefringent polarization-holding fibers can be used to decouple the two

states of polarization and hence improve the sensitivity.8’9

In the phase-
conjugate fiber-optic gyro, which we are studying, a polarization-preserving

phase conjugator can be used to restore severely scrambled waves to their origi-

He'o e & & & 8

nal state of polarization. This eliminates the noise due to polarization
scrambling.

Referring to Fig. 2-3, we consider a fiber-optic gyro which contains a

phase-conjugate reflector (abbreviated as ¢* reflector) at the end of the fiber
B loop. We now examine the phase shift of light. In the clockwise trip from the
input coupling to the ¢* detector, the phase shift is ¢; = kL - 2nRQ/(Ac),
where L is the length of the fiber, R is the radius of the loop, Q is the rota-
tion rate, A is the wavelength, k = 2m/A, and ¢ is the velocity of light. In
the counterclockwise trip, the phase shift is ¢p = kL + 21RQ/(Ac). Due to the
phase reversal nature of the ¢* reflector, the net phase shift in a round trip
is Ap = 0 = 4 = 4dRQ/(Ac). Such a net phase change is proportional to the
rotation rate and can be used for rotation sensing.

$C83-24380

MIRROR OR
¢* REFLECTOR

s e A e &
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. Y |
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: B
X DETECTOR { " REFLECTOR
I ]
) Fig. 2-3 Schematic of the phase-conjugate fiber-optic gyro.
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In addition, if the ¢* reflector can preserve the polarization state,
then the polarization state will not change upon reflection. Such a polariza-
tion-preserving ¢* reflector will produce a true time-reversed version of the
incident wave and will undo all the reciprocal changes (e.g., polarization
scrambling, modal aberration) when the light propagates backward from ¢* re-
flector to the input coupling. Thus, the problem of polarization scrambling as
well as modal aberration in multimode fibers can be solved by using polariza-
tion-preserving phase conjugation.

o
q
»
U
.
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3.0 PROGRESS

During the first year of this research program, there were many areas
of significant progress. These include the experimental demonstration of the
' phase-conjugate Sagnac effect and the polarization-preserving phase conjugator.
In addition, we have proposed and demonstrated a scheme to measure the absolute
phase shift of phase-conjugate reflections. This phase shift plays an important
role in the detection of the Sagnac phase shift due to rotation. This progress
is summarized bhelow.

3.1 Phase-Conjugate Fiber-Optic Gyro

Our first objective was to demonstrate that the phase-conjugate fiber-
optic gyro (PCFOG) described in Section 2.3 is sensitive to rotation. A proof
of concept experiment was set up for this objective using an externally pumped
crystal of barium titanate as the phase-zonjugate mirror. Since the phase-

. conjugate mirror in this preliminary experiment did not preserve polarization,

. the fiber-optic coil was made of polarization-preserving fiber. Our report of

: the first demonstration of rotation-sensing is included as Appendix Section
5.4. The results of this proof of concept experiment demonstrate that as
predicted, the PCFOG is sensitive to the nonreciprocal phase shift produced by
the Sagnac effect and therefore it can be used to sense rotation.

In the proof of concept demonstration of the PCFOG described above, we
were limited to a fiber-optic coil having an optical path length of 10 m by the
coherence length of the laser. As a result, we were not able to measure low
rotation rates. However, there are other configurations of the PCFOG that allow
for longer lengths of fiber and hence greater sensitivity. For example, a

Michelson interferometer in which both arms are terminated by the same self-
pumped phase-conjugate mirror is also sensitive to nonreciprocal phase shifts.
. We first demonstrated this fact by measuring the nonreciprocal phase shift
introduced by the Faraday effect in such an interferometer. The results of this
demonstration implied that a PCFOG can be made by placing fiber-optic coils in

13
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the arms of this interferometer. In this configuration the two fiber-optic

coils can be of any length as long as the difference between their lengths does
not exceed the coherence length of the source. We recently demonstrated rota-
tion sensing with this configuration of a PCFOG, and our report of that demon-
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stration is included as Appendix Section 5.1. Since this configuration uses

-

self-pumped phase conjugation, it has the obvious advantage of not having to
provide external pumping waves that are coherent and form a phase-conjugate
pair.

3.2 Polarization-Preserving Phase Conjugator

Our ultimate goal is the demonstration of a phase-conjugate fiber-optic
gyro using multimode fiber. Such a demonstration requires the polarization-
preserving phase conjugator (PPPC) described in Section 2.2 to correct for the
environmentally dependent birefringence and modal aberration of multimode

- fibers. With this motivation we developed the first polarization-preserving
phase conjugator that operates at milliwatt power levels. The polarization-
preserving phase conjugator works by decomposing a light beam into its two
polarization components, rotating one of these components with a half-wave

FrYyr vy r vy T SN . e 2" s + BN .1 7.7 . "."a" s T

plate, and reflecting both components from the same phase-conjugate mirror.
When the two reflected components recombine they form a phase-conjugate wave
that has the same polarization as the incident wave. Our report of this de-
velopment is included in Appendix Section 5.2. The report presents results
demonstrating that the phase-conjugate wave produced by the polarization-
preserving phase conjugator has the same ellipticity and helicity of
polarization as the incident wave.

To demonstrate the ability of the polarization-preserving phase con-
jugator to correct for the modal and polarization scrambling of multimode
fibers, we performed the experiment shown in Fig., 3-1. The highly reflective
beamsplitter BS1 isolates the laser from retroreflections of its output. The
polarizer Pl ensures that light entering the multimode fiber MMF is linearly
polarized in the plane of the figure. Light exiting from the fiber is retro-
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reflected by either a normal mirror M, a nonpolarization-preserving phase
conjugator, or by the polarization-preserving phase-conjugator PPPC., After
propagating back through the fiber the light is sampled by the beamsplitter BSZ,
analyzed by the polarizer P2, and photographed by the camera D. The resulting
photographs are shown in Fig. 3-2. The upper photographs, taken with a normal
mirror at the end of the fiber, demonstrate complete polarization scrambling hy
the fiber. The middle photographs, taken with a phase-conjugate mirror
(nonpolarization preserving) at the end of the fiber, demonstrate partial
correction of the polarization scrambling. Finally, the lower photographs
demonstrate complete correction of the polarization scrambling by the
polarization-preserving phase conjugator.

P2 D
3
arcoNn | YN\ ¢ Ja) A D
LseR [y O —\, V) v
gBs1 P B8S2 L1 O L2 M.PPPC

MMF

Fig. 3-1 Experiment used to demonstrate correction of polarization
scrambling in multimode fibers by polarization-preserving
phase conjugation.

The results presented above and in Appendix Section 5.2 are for a
polarization-preserving phase conjugator that utilizes self-pumped phase
conjugation. A more recent experiment, with similar results, demonstrates a
polarization-preserving phase conjugator that utilizes externally pumped phase
conjugation. This experiment is shown in Fig. 3-3. The polarization-preserving
phase conjugator consists of components BS2, M1, M2, BaTi0;, PBS, M3, and A/2
(not shown as a dashed line). This arrangement is a polarization-preserving

15
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NORMAL
MIRROR

PHASE-CONJUGATE

MIRROR

(NON-POLARIZATION
PRESERVING)

POLARIZATION-
PRESERVING
PHASE-CONJUGATE
MIRROR

Fig. 3-2 Correction of polarization scrambling and modal aberration
in a multimode fiber by polarization-preserving phase
conjugation.

phase conjugator for light incident from the left on the polarizing beamsplitter
PBS. The remaining components are used to test the polarization-preserving
phase conjugator. The external pumping waves for degenerate four-wave mixing in
the crystal of barium titanate are provided by the reflections from mirrors Ml
and M2, The components transmitted and reflected by PBS are probe waves. To
test the polarization-preserving phase conjugator, either a half-wave retarder
A2 (shown as dashed line) or quarter-wave retarder A/4 is used to alter the
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Fig. 3-3 Externally pumped polarization-preserving
phase-conjugate mirror.

polarization state of the light incident on the PPPC. The reflected light is
sampled by the beamsplitter BS2, and analyzed by the combination of polarizer P
and detector D. Since BSZ2 is an uncoated pellicle beamsplitter used near normal
incidence (the angle of incidence is exaggerated in the figure; the actual angle
of incidence is 2°), the reflection coefficients for the s and p polarizations
are nearly equal and the polarization measured by P and D is nearly the same as
that of the reflection.

Figure 3-4 shows the measured angle of polarization for the reflection
from the polarization-preserving phase conjugator, PPPC, as a function of the
angle of polarization of the light incident on the PPPC, for various orienta-
tions of the half-wave retarder. Zero degrees corresponds to polarization in
the plane of the previous figures. The open circles are the data (with
diameters corresponding to the uncertainty), and the solid line indicates what
is expected in the case of an ideal polarization-preserving phase conjugator.
The measured ellipticity of the polarization for the 1ight reflected by the PPPC
(defined as the ratio of the minor polarization axis to the major polarization
axis) never exceeded 5%.

17
C7714A/ jbs

“ a2 o AR L & & ¢ B 2 2 2 a”

............................



J
d
0
»
¥
»

e e & B

BAEAY)
R g

AT R

G

’ ' Rockwell International

Science Center

SC5424 AR

$CO6 32007

90°

45°

PHASE CONJUGATE POLARIZATION ANGLE

0°Y 1
0° 45° 90°

FROBE POLARIZATION ANGLE

Fig. 3-4 Measured angle of polarization for the reflection from the
polarization-preserving phase conjugator vs the angle of
polarization of the incident wave.

The results shown in Fig. 3-4 demonstrate that the reflection from the
PPPC reproduces the angle of polarization of the incident wave. To show that it
reproduces the helicity of the polarization of the incident wave, the quarter-
wave retarder A/4 is placed between the sampling beam splitter and the polariz-
ing beam splitter and is oriented such that the light incident on the mirror is
converted from linearly polarized light to circularly polarized light. Fig-
ure 3-5 shows the measured polarization ellipses for the reflections from a nor-
mal mirror and from the polarization-preserving phase conjugator. Light reflec-
ted from the normal mirror changes helicity. After passing back through the
quarter-wave retarder, the polarization of the reflected light is orthogonal to
the incident light. This is the principle by which quarter-wave isolation works.
On the other hand, 1ight reflected by the polarization-preserving phase conjuga-
tor has the same helicity as the incident light and returns to its original
polarization state after passing back through the quarter-wave retarder.
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Fig. 3-5 Reproduction of the helicity of polarized light by the externally
pumped polarization-preserving phase conjugator.

3.3 Phase of Phase-Conjugate Reflections

The phase of the phase-conjugate reflection determines the operating
point in some configurations of the phase-conjugate fiber-optic gyro. If this
phase can be controlled, the PCFOG can be biased at the operating point of high-
est sensitivity and linear response {quadrature). With this motivation we meas-
ured the phase of phase-conjugate reflections by determining the operating point
of a phase-conjugate interferomete; and developed a theory to explain our re-
sults. The detailed report of this work is included as Appendix Section 5.3 and
a summary of the results is given here.

If the complex amplitude A of the phase-conjugate reflection of an
incident wave having complex amplitude A3 is written as

16, .
Ay =re O RAAA|AA (11)

where A; and A, are the complex amplitudes of the pumping waves, then ¢, is
referred to as the phase of the phase-conjugate. This phase is given by,
b = Oy * 05 * n/2 (12)

19
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0 = Op t ¢g + /2 (12)

where ¢, is a term that depends on the type of grating involved in the phase
conjugation (index, absorption, or gain) and °g is the phase shift of the
grating with respect to the light intensity pattern that produces the grating.
For photorefractive media in which the index grating (¢p = 0) is shifted by n/2
radians we expect % = 0 or = radians. For thermo-optic media in which the
index grating is in phase with the light intensity pattern we expect ¢, = /2
radians.

OQur experimental measurements of ¢, for various nonlinear media are _
given in Table 1, where 6 is the angle between the grating k vector and the p
crystal axis. For the photorefractive materials, barium titanate and strontium
barium niobate, the measured values of ¢, compare well with the expected values.
The small discrepancies for barium titanate at 6 = 0° and 180° indicate that the
index grating is not shifted by exactly =/2 radians, as is often assumed. We
have verified this fact by an independent measurement of the two-wave mixing
gain as a function of the frequency detuning between the two waves. The fact
that the grating is not shifted by exactly =n/2 radians may be due to the exis-
tence of a photovoltaic field. Since for ruby ¢y = n/2 radians, the grating is
probably dominated by an index change rather than an absorption change.

Table 1
Phase of Phase-Conjugate Reflections

Material G 4
BaTi03 0° (1913)° 4
45° (614)° '

135°  (17643)° '
180°  (16413)°

SBN 0° (3£3)° :
180° (17545)° )
Ruby - (8045)°
20
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